ABSTRACT Suspensions of intact mycelia of Neurospora crassa grown in medium containing '5NH4CI have been found to give well-resolved '5N nuclear magnetic resonance spectra for metabolites that play crucial roles in intermediary nitrogen metabolism. These include the amide nitrogen of glutamine, the aamino nitrogens of glutamate and other amino acids, the guanidino nitrogens of arginine, the ureido nitrogen of citrulline, the side-chain nitrogens of ornithine or lysine, or both, and uridine diphosphates. The turnover time of glutamine in vivo was estimated to be less than 1 hr by using nuclear magnetic resonance spectroscopy in conjunction with tracer methodologies. Applications of these techniques to the study of nitrogen metabolism are discussed. 
High-resolution Fourier transform NMR has found increasing application in the study of in vivo metabolism of small molecules with improvements in the sensitivity and versatility of the available instrumentation. Spectra obtained with 31P, 13C, and 'H nuclei have provided detailed information about the internal environment of living cells, such as the pH of various cellular compartments (1) , the flux of metabolites in various metabolic pathways (2) (3) (4) , and estimates of the intracellular viscosity (5 (6, 7) and bacterial cell-wall components (8) (9) (10) , although Schaefer et (12) . Nitrogen-free medium is the same without the addition of NH4NO3. The '5N-substituted ammonium chloride (99% enriched in '5N) was purchased from Kor Isotopes.
Cultures were inoculated with an aqueous suspension of washed conidia to a final concentration of approximately 1 X 107 conidia per ml. Conidia were germinated in 1-liter baffled flasks containing 500 ml of culture medium, with aeration provided by shaking at 150 rpm at 16°C for a period of 16-20 hr. The temperature was then raised to 30°C for 3 hr or until growth of the culture was logarithmic as measured by culture turbidity. In some experiments, cultures were exposed to`5NH4Cl for the entire germination period. Alternatively, growing mycelia were transferred to nitrogen-free medium for 3 hr prior to the addition of '5NH4Cl. Where specified, cycloheximide {4-[2-(3,5-dimethyl-2 -oxocyclohexyl)-2 -hydroxyethyl]-2,6 -piperidinedione} was added to the culture medium to a final concentration of 20 ,ug/ml a few minutes before the addition of 15NH4Cl to inhibit the incorporation of '5N-labeled amino acids into proteins (13) . The mycelial suspension for the NMR measurements was prepared by collecting the mycelia by filtration and resuspending them in enough medium to make 18 ml of mycelial suspension, which was placed in a 25-mm NMR sample tube. The volume ratio of wet mycelium to medium in the NMR sample tube was approximately 1:1.
Amino acid pools were determined by extraction of mycelia with boiling water (14) . Pool extracts were evaporated to dryness, redissolved in 0.2 M sodium citrate (pH 2.2), and analyzed on a Beckman 120C amino acid analyzer. Protein determinations were made by the method of Lowry et al. (15) after overnight suspension of mycelia in 0.5 M NaOH at room temperature to solubilize the protein.
The '5N NMR spectra were obtained with a Bruker WH 180 spectrometer operating at 18.25 MHz (16) . Chemical shifts are reported in ppm upfield of 1 M H15NO3 in 2H20 mounted coaxially with the sample tube in a capillary. The operating conditions, unless otherwise specified, were 70-,usec pulses (900 flip angle) with a 2-sec delay and with full proton decoupling. The sample temperature was maintained at 10 ± 2VC, unless otherwise specified.
To check the viability of mycelia during the NMR experiments, the doubling time and ability of the mycelia to accumulate arginine from the culture medium were compared before and after exposure to conditions similar to those produced by the NMR experiment; no change was observed in either of these properties, which shows that the mycelia retain full viability. RESULTS To investigate the types of '5N-labeled metabolites in N. crassa that can be observed in vivo by 15N NMR, spectra were taken of intact mycelia grown in 1 NH4Cl-containing medium. N. crassa was grown in minimal medium containing 0.2% 15NH4C1 as the sole nitrogen source for 20 hr, and a mycelial suspension was prepared for NMR measurement as described above. were made by comparison with those of the corresponding compounds in aqueous solution (17) (18) (19) (20) (21) . Because of variations in spin-lattice relaxation times and nuclear Overhauser enhancements of the various chemical species in the presence of broadband proton-decoupling, accurate correlation of peak intensities with intracellular concentrations was not possible. Table 1 shows the pool sizes of several nitrogen-containing intracellular metabolites that were obtained from boiling water extracts of Neurospora cultures and analyzed as described above.
The intense peaks observed in the spectrum in The resonance at 251.1 ppm can be assigned to N-acetyl-Dglucosamine either as a free metabolite or as a component of fungal cell walls (22) . Among the nitrogens in cellular nucleic acids and free nucleotides, only the N3 resonance of uridine (216.7 ppm) was observed; this resonance probably arises from uridinediphosphoacetylglucosamine and uridinediphosphoglucose, both of which occur in significant amounts in N. crassa (see ref. 23 , Table 1 ) and are intermediates in the biosynthesis of chitin, among other things.
The broadband proton-decoupled "5N spectrum of To investigate the rates of turnover of the various pools, the mycelia used to obtain the spectrum shown in Fig. la 5N-labeled protein was expected to be negligible during this period because most proteins turn over with half-lives on the order of days under the culture conditions used (24) . By con- ppm), is extremely small, being just distinguishable from the baseline (Fig. Id, Inset) Fig. la , it must be emphasized that these resonances may represent contributions from both free amino acids and amino acid residues in proteins.
In anabolic pathways of nitrogen metabolism in N. crassa, glutamate and glutamine play crucial roles in assimilating NH4'
and act as precursors for many important nitrogenous cellular components (25) . Large pools of both glutamate and glutamine (and other nitrogenous metabolites) are maintained in N. crassa (26, 27) . The size of these pools is determined by a steady state between synthesis and utilization. Each pool is dynamic and turns over or renews itself in a manner determined by the relative rates of catabolism and anabolism associated with the particular pool. This rate of turnover can be measured by the method of isotope dilution. The labeled pool is subjected to a chase of unlabeled precursor material, and loss of label from the pool is monitored. Fig. lb shows the results of such an isotope dilution experiment in which the precursor '4NH4Cl is allowed to chase '5N-labeled metabolites from the various nitrogen metabolite pools observed in Fig. la aminations of the glutamate a-amino group to other nitrogenous metabolites.
The persistence of the Ns and N.,. peaks of arginine and the peak of lysine N, or ornithine N8, or both, (Fig. lb) (29) . Therefore the decrease in intensity of the peak of lysine N6 or ornithine Ns, or both, observed in Fig. ld is somewhat difficult to explain because, like arginine, these amino acids are compartmentalized within the vacuoles (11) . Moreover, substantial pools of both amino acids are accumulated under these conditions (Table 1) , and de novo synthesis of ornithine is demonstrated by the appearance of the arginine N8 resonance, which is derived from ornithine N8. Apparently, in the presence of cycloheximide, accumulated pools of ornithine and lysine may largely arise from unlabeled sources such as protein degradation rather than from de novo synthesis, and newly biosynthesized ornithine is used preferentially for arginine biosynthesis rather than for compartmentation. Modifications of the techniques described, using "5N-labeled ornithine, offer a means for further investigation of this possibility.
Whereas much is now known about nitrogen metabolism, some kinds of investigation have been hindered by the lack of a useful radioactive isotope of nitrogen. These include measurement of (i) the turnover of nitrogenous metabolites, such as glutamine and glutamate, that are central to the myriad pathways of nitrogen assimilation, (ii) the manner in which nitrogen from such sources as glutamine and glutamate moves among the various competing pathways, and (iii) where two or more pathways lead to the same products, the extent to which the alternative pathways operate simultaneously under various growth conditions. Many of these unresolved questions may be answered by use of '5N NMR spectroscopy.
